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ABSTRACT: Carbon materials such as carbon nanotubes (CNTs), graphene, and
reduced graphene oxide (RGO) exhibit unique electrical properties, which are also
inﬂuenced by the surrounding atmosphere. They are therefore promising sensing
materials. Despite the existence of studies reporting the gas-sensing properties of
metal oxide (MOx) coated nanostructured carbon, an incomplete understanding of
their sensing mechanism remains. Here we report a systematic study on the
preparation, characterization, and sensing properties of CNT and RGO composites
with SnO2 coating. Atomic layer deposition (ALD) was applied to the conformal
coating of the inner and outer walls of CNTs with thin ﬁlms of SnO2 of various
thicknesses, while nonaqueous sol−gel chemistry assisted by microwave heating was
used to deposit tin dioxide onto RGO in one step. The sensing properties of SnO2/
CNTs and SnO2/RGO heterostructures toward NO2 target gas were investigated as
a function of the morphology and density of the metal oxide coating. The general
sensing mechanism of carbon-based heterostructures and the role of the various
junctions involved are established.
1. INTRODUCTION
Gas sensors are employed in many commercial applications
such as household security; industrial emission control; and
biomedical, agricultural, and automotive ﬁelds.1,2 Although
resistive gas sensors made of metal oxide semiconductors
(MOS) are highly attractive due to their high sensitivity,
stability, low cost, and fast response, their high operating
temperature constitutes a strong limitation. In particular, two
factors contribute to this drawback. First, metal oxides are
semiconducting materials having generally high electrical
resistance at room temperature (RT), often out of the
measurement range of conventional instrumentation. Further-
more, sensing mechanisms, which are related to surface
reactions between metal oxide and target gas, are slow at
room temperature, leading usually to a low sensitivity of MOS
sensor at RT. Therefore, eﬀorts have been devoted to combine
metal oxides having high sensitivity toward the target gaseous
species with a suitable conductive support able to decrease the
resistance of the sensing layer in order to develop room/low
temperature gas sensors. In this respect, interesting sensing
performances have been obtained with sensors made of metal
oxides combined with nanostructured carbon supports such as
carbon nanotubes (CNTs) and graphene. CNTs and graphene
are technologically attractive to develop chemical sensors due
to their mechanical, physical, chemical, and electrical character-
istics, providing (1) structural stability, (2) high surface area,
and (3) high conductivity.3−6 Tin oxide has proven to be
suitable active layers in MOS gas sensors.7,8 Their electric
resistance changes as a function of the surrounding atmosphere
due to charge transfer between the adsorbed gas and the oxide
surface.1 Some of the reported MOx-coated carbon nanostruc-
tures exhibit high sensitivity toward the target gas at relatively
low temperatures. The data reported so far suggest that the
type of junctions that are generated at contact points and the
formation of a p−n heterojunction between a p-type carbon
support and an n-type metal oxide may play a crucial role in the
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enhancement of the response.9−12 An extensive knowledge
about the sensing mechanism is certainly of interest for the
design of new and improved sensors.
In this contribution, we present a detailed study on the gas-
sensing mechanism of 1-D and 2-D metal oxide/carbon
heterostructures. For this purpose, nanostructures consisting
of carbon nanotubes coated by atomic layer deposition (ALD)
with tin dioxide9 were synthesized. Various metal oxide
morphologies were obtained in a controlled manner by
tailoring the CNT surface functionalization.13 It is reasonable
to expect that carbon sheets may play a similar role by
providing a 2-D architecture to support semiconductor metal
oxide nanoparticles. The development of semiconductor−
graphene composites is an important milestone toward the
development of 2-D nanostructured sensor systems. We
recently synthesized SnO2, FeOx, and TiO2 on reduced
graphene oxide (RGO) by a simple sol−gel approach combined
with microwave irradiation.11,14,15 Reduced graphene oxide is a
chemically modiﬁed form of graphene, which can be produced
more economically and on larger scale than pristine graphene.
RGO exhibits good conductivity, typically on the order of 1−
100 S cm−1, and high surface area and is a water-dispersible
material useful for a wide range of applications.16,17 It is one of
the most common starting materials for fabricating graphene-
based composite materials.18
In this paper, we focus on the sensing behavior of metal
oxide/carbon heterostructures toward NO2 as a model system.
NO2 is a toxic compound produced by combustion processes in
power plants, combustion engines, and automobiles. It is also
harmful for the environment, being a major cause of acid rain
and photochemical smog.19 In order to provide requisite
protection of public health, recently EPA established a new 1-h
standard at a level of 0.1 ppm, well below the values ﬁxed by the
previous safety guidelines.21−23 The severity of adverse health
eﬀects associated with exposure to NO2 in occupational settings
has prompted the development and commercialization of many
diﬀerent NO2 sensing technologies based on metal oxide
sensors.20 At present, they are limited in their application due
to the lack of either sensitivity, selectivity, or portability needed
to measure an adverse level of NO2 in a complex environment.
Therefore, many eﬀorts are currently being made to develop
sensors that can eﬀectively detect NO2 even at extremely low
concentrations.21
The comparison of original and published data on the
sensing behavior of SnO2/CNT heterostructures, elaborated by
ALD, with the previously reported results on RGO coated with
tin dioxide by microwave-assisted solution route10,11,14 provide
insight into the role of the carbon−carbon and carbon−MOx/
MOx−carbon junctions on the sensing mechanism. Further-
more, the results permit one to establish a general sensing
mechanism of these MOx@carbon sensors. The unique 1- and
2-D structures of carbon nanotubes and graphene provide an
ideal model to directly observe and closely investigate the
structure and morphology of the metal oxide nanoparticles on
the support materials underneath and to study their
interactions. Furthermore, a dense coverage of the carbon
substrate with metal oxide nanoparticles 3−5 nm in size or with
a conformal metal oxide thin ﬁlm 2−5 nm in thickness present
the best compromise in order to reach the sensor sensitivities
required for advanced applications.
2. EXPERIMENTAL METHODS
2.1. Preparation of the Heterostructures. SnO2@CNT.
Diﬀerent grades of stacked-cup carbon nanotubes were
purchased from Pyrograf Products. Depending on their type,
the CNTs were commercially heat treated in inert atmosphere
at either 700, 1500, or 3000 °C (CNTs PR24-PS, PR24-LHT,
and PR24-HHT, respectively). The various grades correspond
to various degrees of graphitization of the tube walls. The
CNTs exhibit average outer and inner diameters of 85 and 40
nm, respectively, independently of the applied annealing
temperature.22,23 The three CNT samples were subsequently
functionalized with concentrated nitric acid (70%) at 100 °C
for 10 h. For sake of clarity, after their functionalization, the
CNTs treated at 700, 1500, and 3000 °C were labeled
CNT700, CNT1500, and CNT3000, respectively.13
Prior to the ALD, CNTs were deposited by drop-deposition
on a silicon wafer from dispersions in ethanol or directly onto
the electrodes of the sensing devices, after protection of the
electric contacts with a polyamide tape. In order to remove the
ethanol adsorbed at the surface of the CNTs, the samples were
treated at 200 °C at 1 mbar under a stream of nitrogen for 15
min inside the ALD chamber prior to the ﬁrst deposition cycle.
Tin dioxide was deposited, following the approach presented
elsewhere,9 simultaneously on the CNTs treated at 700 and
3000 °C. Tin tert-butoxide (STREM) and acetic acid (Aldrich)
were used as metal and oxygen sources, respectively. The
deposition took place at 200 °C in a homemade ALD reactor
operated in exposure mode. Tin precursor and acetic acid were
introduced subsequently by pneumatic ALD valves from their
reservoirs kept at 80 and 30 °C, respectively. Pure nitrogen was
used as a carrier gas at a constant ﬂow rate of 5 sccm. The ALD
valves were opened for 0.03 and 1 s for the oxygen source and
tin precursor, respectively. The residence time after each
precursor pulse was set to 20 s, followed by a nitrogen purge
during 15 s.9 The number cycles varied from 50 to 1000, with a
nominal growth per cycle of 0.06 nm.
SnO2@RGO. The graphene oxide used as starting material for
the synthesis of SnO2@RGO composites was prepared from
graphite powder by a modiﬁed Hummers method.24 A detailed
description of the GO and SnO2/RGO syntheses has been
given elsewhere.11,15
The synthesis of the SnO2/RGO composites was carried out
as follows: a suitable amount of graphene oxide, 20 mL of
benzyl alcohol, and 1 g of tin(IV) chloride (99.995%, Aldrich)
were placed into a microwave vial under argon. To prepare the
composite samples with diﬀerent SnO2 loadings on the RGO
sheets, the quantity of metal oxide precursor with respect to the
amount of solvent was keep constant and only the amount of
GO was varied (0.5, 0.3, and 0.1 g). The mixture was sonicated
until the carbon nanomaterial was completely dispersed in the
solvent and then heated in a CEM Discover SP microwave at
185 °C for 10 min. The solid was collected by centrifugation,
washed, and dried. Pure SnO2 and GO reduced by benzyl
alcohol (RGO) were also prepared following the procedures
described above.
2.2. Characterization Studies. The morphology of the
samples was investigated by SEM images and transmission
electron microscopy (TEM). CNTs were characterized before
and after ALD by high-resolution transmission electron
microscopy (HRTEM) and scanning transmission electron
microscopy (STEM) using JEOL JEM-2200FS, Hitachi H9000,
and Philips CM200 FEG microscopes. Scanning electron
The Journal of Physical Chemistry C Article
dx.doi.org/10.1021/jp406191x | J. Phys. Chem. C 2013, 117, 19729−1973919730
microscopy (SEM) images were recorded using a FEG-SEM
Hitachi SU-70 microscope operating at 4 kV with a working
distance of 2−3 mm. SEM and TEM investigations were carried
out on copper TEM grids with a holey carbon support ﬁlm.
The samples were deposited by dipping the TEM grids into dry
powder.
2.3. Gas Sensing Experiments. The homemade sensing
device used for testing consists of an alumina substrate with Pt
interdigitated electrodes on one side and a Pt heater on the
other side (Figure 1a). The spacing between the Pt electrodes
measures 200 μm. The active sensing layer was deposited on
the Pt interdigitated electrodes by screen printing of an
aqueous suspension with the coated carbon structure. Gas
sensing tests were carried out inside a stainless-steel chamber
under controlled atmosphere using an adapter, as shown in
Figure 1b. Mass ﬂow controllers were used to adjust the desired
concentrations of target gases in dry air. Electrical and sensing
measurements were carried out in the temperature range from
RT to 250 °C, with steps of 50 °C under a dry nitrogen/air
total ﬂow of 50 sccm. The sensor response was measured as a
change in resistance in four-point mode using an Agilent
34970A multimeter. To perform the resistance measurement,
the instrument is biased at a constant current value (10 μA,
settled taking into account the resistance of the sensor,
approximately 20−60 kΩ) and reading the voltage across the
sensors. The current−voltage (I−V) characterizations were
performed with a Keithley 2400 Source Meter in synthetic air
and nitrogen atmosphere in the bias voltage range from −1.0 to
1.0 V. An Agilent E3632A dual-channel power supply was used
for the heater of the sensor. The sensors were tested for
monitoring NO2. The response of the gas sensor is deﬁned as S
= RNO2/R0, where RNO2 is the electric resistance of the sensor at
diﬀerent NO2 concentrations and R0 is the baseline resistance.
3. RESULTS AND DISCUSSION
3.1. Electrical Properties and Sensing Behavior of the
Carbon Supports. Prior to the study of the gas-sensing
properties of the heterostructures, the electrical properties and
sensing behavior of the uncoated CNTs and RGO were
investigated. The CNTs used as support were commercially
heat treated in inert atmosphere at either 700, 1500, or 3000
°C. A detailed morphological and structural characterization of
the various carbon nanotubes treated at various temperatures
has been reported elsewhere.23,25 It was found that the increase
of the annealing temperature causes an increase of the surface
graphitization of the carbon materials (Figure S1, Supporting
Information). The CNT700 is characterized by a structural
disorder of the outer and inner surface layer of the tubes
(Figure S1a, Supporting Information) while an annealing at
1500 °C leads to the appearance of some connections between
the inner rims of subsequently stacked cups and to only a thin
layer of structurally ill carbon on the exposed graphitic faces of
the walls (Figure S1b, Supporting Information). Finally, the
annealing at 3000 °C results in the straightening of the
graphitic sheets and highly graphitized walls, which show
connections between stacked cones, forming steps on the inner
and outer surface (Figure S1c, Supporting Information).
Tessonnier et al.25 demonstrated that the graphitic character
of the carbon nanotube surface inﬂuences the type and density
of surface groups created during the functionalization by nitric
Figure 1. (a) Schematization of the sensor conﬁguration used for testing. (b) Picture of the sensor mounted on the adapter.
Figure 2. (a) Electric resistance of the as-received CNTs heat treated at various temperatures: CNT700 (squares), CNT1500 (triangles), and
CNT3000 (circles). (b) Transient response of the uncoated CNT700 sensor to 6.5 ppm of NO2 at 150 °C. A decrease of the resistance upon
introduction of NO2 is observed.
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acid treatment. The increase of the heat treatment temperature
from 700 to 3000 °C in order to graphitize the layer of
pyrolytic carbon, hence, permits one to decrease the density of
structural defects in a controlled manner. Figure 2a shows the
variation of the electrical resistance of the sensor devices made
of CNT700, CNT1500, and CNT3000 as a function of the
operating temperature. Clearly, the electric properties of the
CNTs are strongly aﬀected by the temperature at which the
materials were treated. The electrical resistance of the CNTs
decreases with the temperature, a typical behavior of semi-
conductor materials. Moreover, the resistance of the CNT700
sensor is considerably higher than that measured on CNT1500
and CNT3000 devices. Further, on these two latter samples, a
more complex trend of the resistance with the temperature was
observed, indicating a mixed metal−semiconducting behavior.
This diﬀerent behavior is directly correlated to the degree of
graphitization of the carbon material, as the presence of
amorphous carbon and defects within the structure causes a
decrease of the conductivity.22,26
The NO2 sensing properties of the diﬀerent uncoated CNTs
were then investigated. As shown in Figures 2b and S2a
(Supporting Information), for the CNT700 and CNT3000
samples, respectively, the presence of NO2 induces a decrease
of the resistance of the bare CNT sensor devices, which is
characteristic of a p-type behavior (the charge carriers are
holes).12
Similarly to the CNT device, the uncoated RGO sensor
presents also a decrease of the electric resistance in the
presence of NO2 and exhibits thus a p-type response toward the
target gas (Figure S2b, Supporting Information).10 The sensing
performance of the devices is attributed to the eﬀective
adsorption of NO2 on the surface of the p-type CNTs and
RGO. NO2 is a strong oxidizing gas with electron-withdrawing
power;27 therefore, electron transfer from carbon supports to
adsorbed NO2 leads to an enriched hole concentration and
decreased electrical resistance.
To compare the NO2-sensing properties of the diﬀerent
uncoated CNTs and RGO, their response was measured as a
function of the temperature (Figure S2c, Supporting
Information). Regarding the uncoated CNTs, despite the
diﬀerent degrees of surface graphitization, the adsorption of
NO2 leads to similarly weak changes in the resistance of the
CNT700 and CNT3000 sensors, in the entire range of
temperatures studied. The response of the bare RGO sensor
to low NO2 concentrations was found to be relatively higher.
The response increases with the operating temperature,
reaching a maximum at around 200 °C. Above this temperature
it decreases markedly, due to the partial oxidation of the RGO
surface, which modiﬁes the nature and density of the active sites
and alters its electrical properties.10
3.2. SnO2@Carbon-Based Nanostructures. Description
of the Nanostructures. It has been recently demonstrated that
the morphology of the metal oxide coating obtained by ALD is
strongly aﬀected by the degree of surface functionalization
(amount and distribution of defects) of the CNT support.13
This property is exploited in this work in order to investigate
the inﬂuence of the CNT characteristics and the morphology of
the metal oxide on the sensing mechanism and performance of
metal oxide/carbon heterostructures. For this purpose, CNTs
treated at either 700 or 3000 °C, under inert atmosphere, were
coated with SnO2, by ALD, at 200 °C, with various numbers of
ALD cycles. Depending on the type of CNTs used as support, a
diﬀerence in metal oxide morphology is observed, related to the
diﬀerence in the density of surface functional groups.
Brieﬂy, in the case of the SnO2@CNT700, a homogeneous
and smooth thin ﬁlm is observed on the inner and outer CNT
walls (Figure 3a). As previously shown, the coating is made of
<5 nm particles, with the granular aspect being inherent to the
ALD process.9 When the CNT3000 are used as the carbon
support, small particles nucleate preferentially on the curved
graphitic sheet between two cones, while the highly graphitic
planes remain uncoated. This preferential location of initiation
leads to the formation of metal oxide rings around the CNTs,
as shown in Figure 3b. Therefore, the morphology of the ALD
coating can be tuned as a function of the type of CNTs used.
The SnO2-coated RGO heterostructures, fabricated by
microwave-assisted nonaqueous sol−gel route, have been
described elsewhere.10,11,14 This approach allows one to control
the particle density on the RGO. Either a full or partial
coverage of the reduced graphene oxide surface can be obtained
by modifying the ratio between the tin oxide precursor and
RGO.10,11,14
Electrical Measurement. Prior to the gas-sensing experi-
ments, the electric characteristics of the CNTs coated with
SnO2 ﬁlms of diﬀerent thicknesses and SnO2/RGO composites
were investigated. These measurements served as reference and
baseline for the gas-sensing tests.
The device made of uncoated nanotubes shows lower electric
resistance than the one made of SnO2-coated CNTs. Indeed,
the resistance of the latter is about 2−3 orders of magnitude
higher and its value depends on the thickness of the SnO2
coating, as shown elsewhere.9 The resistance is dominated by
the Schottky barrier at the surface of the n-type SnO2 ﬁlm,
causing the formation of a depletion layer. In the case of the
thinner ﬁlm (SnO2 thickness = 3.0 nm) the space−charge
region extends through the whole volume of the ﬁlm, i.e., the
layer is fully depleted.28 This causes a higher potential barrier at
the surface, resulting in a higher resistance as compared to the
case of a thicker ﬁlm (SnO2 thickness = 4.0 nm). This is in
agreement with a report on SnO2 ﬁlms of diﬀerent thicknesses
deposited on α-Al2O3.
29 However, the device made of pure tin
dioxide particles presents a much higher resistance value than
the devices made of bare CNTs and coated CNTs. Actually,
due to the low thickness of the SnO2 coating, a tunneling eﬀect
may occur between the thin ﬁlm and carbon support, which
reduces the height of the potential barrier of the conduction at
the crossing point between two coated tubes and thus decreases
the resistance compared to the pure metal oxide ﬁlm made of
Figure 3. TEM images of (a) SnO2@CNT700 and (b) SnO2@
CNT3000.
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particles. Indeed, a tunneling eﬀect has been already observed
in CNT/polymer composites. Some recent studies have
indicated that the electrical conduction of a CNT/polymer
composite is primarily governed by the tunneling of electrons
through the gaps between neighboring CNTs, rather than
conduction through the intimate CNT contacts.30 By Monte
Carlo simulations, Li et al.31 explained the role of the tunneling
eﬀect in the electrical conductivity of carbon-nanotube-based
composites, concluding that the maximum tunneling distance
in CNT-based polymeric or ceramic composites is about a few
nanometers.
The current−voltage (I−V) curves in the bias voltage range
from −1.0 V to 1.0 V for the uncoated CNT700 and for the 22
nm SnO2@CNT700 sample is presented in Figure 4. The
linearity and symmetry of the I−V curve for the CNT sensor
(Figure 4a) suggest an ohmic contact between carbon
nanotubes and Pt electrodes. Instead, the nonlinearity of the
I−V curves and the lower current registered (about 2 order of
magnitude) for the sensor made of SnO2-coated CNTs (Figure
4b) can be attributed to the potential barrier introduced by the
contact of two metal oxide layers at the interface between two
coated CNTs.
The variation of the electrical resistance with the temper-
ature, as shown in ref 9, reﬂects an activated process. For
semiconducting materials, the temperature-dependence of the
electrical resistance can be given by the relation
=R T R E k T( ) exp( / )o A B
where T is the temperature, kB the Boltzmann constant, EA the
activation energy, and Ro the pre-exponential factor. In the
Arrhenius plot of temperature-dependent resistance of the
CNT and SnO2@CNT samples (Figure 4c), one can observe
the increase of the activation energy for the composite sample
compared to bare carbon nanotubes. Indeed, the activation
energy rises from 0.022 eV in the case of the bare CNTs to
0.066 eV when SnO2-coated CNTs are used, due to the
creation of potential barriers induced by the presence of the
metal oxide layer at the CNT surface.
Similarly, the resistance of the SnO2@RGO materials was
also found to be 2−3 times higher than that of the bare RGO.10
Moreover, the resistance increased with the degree of coverage
of the reduced graphene oxide sheets. The similar behavior
found for both types of carbon-based nanostructures (i.e., RGO
and CNTs) can be attributed to the increase of the potential
barrier at the junctions because of the presence of the metal
oxide and the tunneling eﬀect due to its low thickness.
NO2 Sensing Tests. The sensing behavior of several SnO2@
CNT nanostructures toward NO2 was investigated. Figure 5
shows the transient responses of the SnO2@CNT700 and
SnO2@CNT3000 sensors to low concentrations of NO2.
Clearly, the sensing properties of the tin dioxide@CNT
heterostructures are signiﬁcantly aﬀected by the morphology
of the metal oxide coating. On the one hand, the sensor made
of a 3.0 nm continuous ﬁlm deposited on CNT700 (Figure 5a),
which has been studied in detail in a previous paper,9 shows
high sensitivity for low concentrations of nitrogen dioxide and
additionally exhibits fast, reversible, and reproducible responses.
Figure 4. I−V curves at room temperature in 20% O2/N2 of the device made of (a) uncoated CNT700 and (b) 22 nm thick SnO2 ﬁlm on CNT700
heterostructure. (c) Arrhenius plots, 1/T as a function of the log(1/R) for the devices made of uncoated CNT700 (circles) and SnO2-coated
CNT700 (squares).
Figure 5. Transient responses to 5 ppm of NO2 at 200 °C of the (a) 3.0 nm SnO2-coated CNT700 and (b) 3 nm sized SnO2 particles deposited on
CNT3000 sensors.
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NO2 at sub-ppm concentration was easily detected in just a few
seconds. Furthermore, upon exposure to the target gas, the
resistance of this sensor increases, reﬂecting an n-type
semiconducting behavior (the charge carriers are electrons).
The increase of the resistance can be explained on the basis of
the nondissociative adsorption of NO2 at the surface of the n-
type tin dioxide grains:
+ →− −NO (g) e NO (ads)2 2
Subsequently, the electron concentration at the surface of the
metal oxide decreases and the resistance increases accordingly.
On the other hand, for the SnO2@CNT3000 nanostructure
devices, a decrease of the resistance is observed in the presence
of NO2 (Figure 5b), which is characteristic of a p-type
semiconductor response. Furthermore, this sensor presents
poor sensitivity and slow response and recovery, a performance
similar to that of the bare CNT3000 sensor. The SnO2@
CNT3000 sensor device thus presents an opposite behavior
compared to that of the SnO2@CNT700.
Previously it has been shown that the sensor response is
inﬂuenced by the operating temperature;9 the highest response
is obtained at 150 °C with a sensor response S = 45 to 5 ppm
NO2, as visible in Figure S3 (Supporting Information). A
further comparison with published results shows that sensors
based on a thick ﬁlm of uncoated CNTs12,32 and tin dioxide
particles7,29 are much less sensitive to NO2, under the same
experimental conditions, and require therefore high operating
temperatures or special nanostructure of the sensing materi-
al21,33−38 to reach the same sensing performance. Therefore, in
the sensor based on CNTs coated with SnO2, the electric
properties of the oxide are strongly enhanced by the interaction
with the electrically conducting CNTs. Consequently, the
sensor resistance is dominated by the Schottky barrier at the
interface between the n-type SnO2 grains and the p-type CNTs,
causing the formation of additional depletion layers, which then
ampliﬁes the increase in resistance upon NO2 adsorption and
enables the operation of the gas sensor at room temperature.
Similar sensing mechanism toward NO2 was already
attributed to a V2O4-coated CNT sensor,
12,32 even though
the response was 2 orders of magnitude lower compared to the
SnO2-coated CNTs. It can be safely concluded that the MOx@
CNTs heterostructure is responsible for the enhanced response
to NO2.
A similar modiﬁcation of the NO2 sensing performance has
been found for SnO2/RGO materials with various degrees of
surface coverage.10 A sensor consisting of RGO sheets fully
coated with tin dioxide nanoparticles (Figure 6b) showed an n-
type response and high sensitivity for NO2 (Figure 6d), while a
drastic diminution of the sensitivity and a p-type response
(Figure 6c) was observed with the diminution of density of tin
dioxide particles (Figure 6a). It was proposed that, by
increasing the density of the SnO2 particles on the RGO, the
shortcuts between RGO sheets are reduced, so the RGO−
SnO2/SnO2−RGO junctions become more eﬀective.
10
As reported above, the receptor-transduction mechanism for
NO2 of sensors based on uncoated CNTs and reduced
graphene oxide can proceed without necessity of any doping
material. This is favored by their high speciﬁc surface area,
which provides a large number of active surface sites. However,
the sensitivity is not suﬃciently high for high-performance
applications, and particular treatments/preparations have been
proposed to improve their performance.39 The combination of
metal oxide nanoparticles and carbon nanostructures can also
help to overcome this limitation.
Discussion of the Role of the Diﬀerent Junctions Involved
in the Sensing Mechanism. SnO2/CNT-based sensors for
NO2 detection have been widely investigated.
40−43 These
sensors have improved eﬃciency, such as enhanced sensitivity
to target gases and, consequently, can also eﬀectively operate at
Figure 6. TEM images of SnO2@RGO with (a) a partial and (b) a full coverage and their respective transient response at (c) 150 °C and (d) 100 °C
to 8 ppm of NO2.
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lowered temperature, even RT. Wei et al.44 observed
considerably enhanced sensitivities compared to the pure
SnO2 sensor. Because the morphology and surface area of the
hybrid sensors were similar to those of the pure SnO2 and the
observed sensitivities increased with increasing CNT loading,
the authors concluded that the advanced sensing behavior
originated from a common interface with CNTs. When the
NO2 gas molecules adsorb on the surface of pure SnO2, they
extract electrons, leaving the oxide surface positively charged.
This leads to the formation of a depletion zone and to an
increase in the sensor resistance. The studies on SnO2/RGO
hybrid nanostructure gas sensors are instead more limited.45
The diﬀerent behaviors observed can be explained by
considering the various junctions involved in the sensing
mechanism and their inﬂuence on the electric path. Figure 7a
shows a picture of the sensor device electrodes, on which
coated CNTs were deposited (magniﬁed in Figure 7b). As
schematized in Figure 7c, the network of the coated CNTs,
randomly oriented over the electrodes, is responsible for the
electric paths between the adjacent Pt electrodes. The
nanotubes deposited on the device have numerous contacts
among themselves, and potential barriers are formed at the
crossing points, which can be modiﬁed by the presence of the
metal oxide coating. From previous investigations, it was shown
that the MOx coating was involved in the receptor function,
while the CNTs provide mainly the electronic conduction path
(transducer function).44 However, the results obtained here
suggest that the nature and morphological/microstructural
characteristics of both coating and support also play a
prominent role in the sensor response. These characteristics
determine the electrical transport properties through the
sensing layer, which in turn aﬀects the sensing properties.
The diﬀerence in the SnO2 morphology causes a diﬀerent
modulation of electrical conduction through the sensing layer.
SnO2 is an n-type semiconductor, while the carbon support
exhibits a p-type behavior, which leads to the creation of an n−
p heterojunction at the SnO2/carbon interface, whose barrier
height is modulated by the interaction of the NO2 with the n-
type SnO2 layer. Therefore, when the metal oxide coating is
continuous, as in the case of the SnO2@CNT700 sensor, the
electrical conduction is expected to occur through the CNT−
MOx interface. On the contrary, when the carbon support is
only partially coated, as in the case of the SnO2@CNT3000
sensor, it can be assumed that a higher quantity of carbon−
carbon junctions are present and the electrical conduction ﬂows
mainly through the carbon−carbon contacts, resulting in a p-
type response.
The diﬀerent sensor responses observed as a function of the
coating degree/morphology are comparable to the behavior of
the ZnO@CNT photodetectors observed by Lin et al.46 The
authors reported the coating of CNTs (p-type) with ZnO (n-
type) by ALD. By changing the number of cycles applied it was
possible to coat partially or completely the CNTs with ZnO
crystalline nanoparticles. The thus-fabricated photodetector
devices exhibited a semiconducting p-type character when the
coating was incomplete and an n-type character when the
coating was continuous, which was attributed to the diﬀerent
nature of the charge carriers involved in each case (holes in the
former and electrons in the latter case). This work pointed out
the inﬂuence of the thickness and nanostructure of the
deposited materials on the properties of the n−p hetero-
junction.
All the data discussed above demonstrate that the C/SnO2
and the C−SnO2/SnO2−C junctions have a crucial role in the
sensing response. To gain more insight into the role of those
junctions, additional experiments were performed, in which the
order of the steps involved in the sensor device preparation was
modiﬁed, aimed to control the type of junctions generated.
First, bare CNTs were deposited onto the device in order to
create CNT−CNT junctions. Subsequently, the deposited
CNTs were coated with continuous SnO2 ﬁlms of various
thicknesses (the electric contacts were protected with electric
tape to avoid their coating). This allowed the creation of the
SnO2−CNT heterojunction without the formation of CNT−
SnO2/SnO2−CNT junctions, which are created when the
CNTs are deposited after being previously coated. The
resistance of the resulting devices (Figure S4, Supporting
Information) decreases in the presence of NO2, and a weak
response, similar to the one obtained with the device made of
bare CNTs (see Figure S2a, Supporting Information), is
observed. Therefore, the modiﬁcation of the metal oxide
morphology and the suppression of the CNT−SnO2/SnO2−
CNT junctions permit to conclude than the enhanced response
observed with SnO2@CNT700 is due to the formation of the
heterojunction between the metal oxide ﬁlm, modulated by the
modiﬁcation of the energy barrier between two SnO2 ﬁlms in
contact, modulated itself by the adsorption of the target at the
surface of the metal oxide. However, a modiﬁcation along the
tube due to the presence of a metal oxide coating cannot be
excluded to be part of the sensing mechanism. A charge
redistribution induced by metal oxide, such as TiO2 and RuO,
on MWCNTs has been already reported.47,48
The heterostructures can be seen as a ﬁeld eﬀect transistor,
where the source is the contact between two SnO2 ﬁlms as well
as the surface of the metal oxide, and the drain is constituted by
the CNTs in contact with themselves and the Pt electrodes.
The CNT−SnO2 heterojunction corresponds to the gate.
Indeed, the space charge region of this depletion layer is
modulated by the adsorption of the target gas on the SnO2
surface. The MOx−CNT interface can therefore be seen as a
conductivity channel, which is more or less opened or pinched,
Figure 7. (a) Picture of the sensor device with coated CNTs. (b) SEM image at low magniﬁcation of the deposited CNTs on the interdigited Pt
electrodes. (c) Schematic of the network formed by the CNTs on the gas sensor device.
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leading to the ampliﬁcation of the signal created by the
presence of adsorbed NO2 species.
A similar explanation holds also for the SnO2@RGO
composites. It is conceivable that the resistance measured is
originated at the contact point between the sheets. Hence, due
to the high electrical conductivity of reduced graphene oxide,
the contact resistance of the RGO sample is low. On the other
hand, the major contribution, at the contact points, to the high
resistance observed for the pure SnO2 sensor is due to the high
Schottky barrier caused by the depletion layer formed by
adsorbed oxygen at the surface of the n-type SnO2 nano-
particles. In the hybrid sensors, both types of contact points are
possible, but with the increase of the SnO2 nanoparticles
density on the RGO surface, the contact points are restricted
mainly to the interaction between SnO2 nanoparticles, so all the
current ﬂows through this pathway of high potential barrier.
The experimental results shown in Figures 5 and 6 support
this hypothesis, providing further evidence of the critical role
played by the n-SnO2/p-carbon heterojunction formed in the
composite materials. Furthermore, the response is also
enhanced due to the higher surface area of SnO2 nanoparticles
supported on the carbon nanostructures. From a practical point
of view, a ﬁne-tuning of the sensing characteristics of these
devices can be achieved by a simple control of the surface
density of the metal oxide nanoparticles onto the nano-
structured carbon support. Another way of tuning the sensing
properties consists of the control of the thickness of the active
layer, e.g. by the number of metal oxide ALD cycles. Indeed, in
a previous work, it was shown that the SnO2 layer with
thickness in the range of SnO2 Debye length presented the
highest sensing response, due to the full depletion of the oxide
ﬁlm.9 This behavior has been previously conﬁrmed by the
responses to O2 of SnO2@CNT sensors with diﬀerent SnO2
coating thicknesses.9 The sample with the thinner SnO2 layer
(3.0 nm) exhibits a higher response than the one with the
thicker layer (4.0 nm). Since for SnO2 the Ld is about 3 nm,
28
and hence, in the range of the thinner coating, the adsorbed
oxygen molecules fully deplete electrons in the SnO2 ﬁlm.
3.3. General Sensing Mechanism. Considering the
results reported in the literature,1,49 mainly on gas sensors42
based on core−shell materials12,41,42,44,50,51 and nanowires38,52
and the results presented here, the following sensing
mechanism can be established. The p−n heterojunction formed
between the n-type metal oxide and the p-type carbon support
plays an important role in the sensing mechanism of MOx-
coated carbon heterostructures. First, it should be pointed out
that the sensing response is based on interactions of the target
gas molecules with the surface of the sensing material. On the
basis of this, the metal oxide is considered to be involved in the
receptor function while the carbon support provides mainly the
electronic conduction path.44 As depicted in Figure 8, in the
case of MOx@CNT-based sensor, a depletion region exists at
the heterojunction of the MOx shell and the tube and a junction
is created between two coated CNTs at the attaching point,
generating an additional potential barrier. When an oxidizing
target gas, such as NO2, adsorbs on the surface of the metal
oxide, a new depletion region is created at the surface of the
shell. Indeed, the adsorbed NO2 extracts electrons from the
metal oxide, modifying the width of the depletion layer at the
surface of the metal oxide. This alters the depletion layer at the
n-MOx/p-carbon junction and therefore modiﬁes the whole
resistance of the heterostructured sensor. Moreover, when the
metal oxide shell presents a thickness inferior or equal to its
Debye length, its surface is fully depleted by the gas adsorption
which in turn strongly modiﬁes the heterojunction layer. An
improved sensitivity is therefore observed. Additionally, the
metal oxide−carbon support interaction may inﬂuence the
redox and electronic properties of MOx,
53,54 which are thus
changed with respect to the bulk, contributing to the beneﬁc
synergetic eﬀect observed on the heterostructure sensing
behavior.55
Figure 8c shows the changes in height of the diﬀerent
potential barriers occurring in the presence of NO2, where d1
(d2) and d3 (d4) correspond to the width of both depletion
layers, i.e., at the SnO2 surface and SnO2/CNT interface,
respectively, before (after) NO2 adsorption. The formation and
height of the energy barrier is determined by the metal oxide
morphology, e.g., layer density, thickness, and degree of
coverage, and the carbon support characteristics.
The same explanation can be applied to the MOx−RGO
composites. Two diﬀerent depletion layers coexist in these
heterostructures. One is on the surface of MOx particles and
the other is at the interface between reduced graphene oxide
and MOx particles. The adsorbed gas molecules will modulate
both depletion layers; the one on the MOx surface and the
other at MOx−RGO composite interface. Of course, as
demonstrated by the experimental results reported, the
coverage of the metal oxide on the surface of RGO sheets is
the most important factor aﬀecting the sensor response. At low
coverage, NO2 interacts mainly with the large RGO uncoated
areas or, from another point of view, the contact points are
Figure 8. Schematic illustration of the junctions involved in the
sensing mechanism of the 3D structured MOx@CNTs gas sensor. (b)
The junction existing between the tubes of the networking at their
crossing points, as shown by the dotted square in part a, as well as the
diﬀerent depletion regions existing as a function of the presence of the
target gas. (c) Model of a potential barrier to electronic conduction at
grain boundary for SnO2@CNT sensors. (NO
− species may be formed
in the reaction: NO2 + O
− → NO− + O2), adapted from ref.
44.
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mainly between RGO sheets, leading all of the current to ﬂow
through this carbon/carbon junction path of low potential
barrier and, consequently, leading to a weaker response. At
higher coverage, the interactions at MOx surface and MOx−
RGO composite interface are prevalent, and a higher response
is observed. Interestingly, in this latter case the maximum
response shifts toward lower operating temperature (Figure
9a), and this can be exploited for fabricating sensors highly
sensitive with sub-ppm detection limit and operating at near
room temperature with fast dynamics (Figure 9b).
4. CONCLUSION
The electrical and sensing characteristics of chemoresistive
devices based on MOx-coated carbon-based heterostructures,
deposited onto alumina substrates and provided with
interdigitated electrodes, were investigated. The electrical
characteristics of the samples can be understood in terms of
a space−charge layer model. Gas sensing studies revealed that,
unlike the bare CNTs and RGO, the resistance of a device
made of SnO2-coated CNTs or RGO is remarkably altered by
its exposure to low concentrations of NO2. Due to the
formation of a p−n heterojunction between the p-type
conductive carbon support and the n-type thin ﬁlm, an
enhancement of the gas-sensing response was observed.
Moreover it is shown that the formation of carbon−carbon
junctions within the sensing layer should be avoided, while the
carbon−MOx/MOx−carbon junctions are required in order to
observe improved responses. The synergetic eﬀect, caused by
the interaction of ﬁlm and support, enables the detection of
sub-ppm concentrations of NO2 at low temperature (150 °C)
in just a few seconds. The proportion to which this eﬀect
determines the sensing properties highly depends on the ﬁlm
thickness and morphology. Therefore, the highest sensitivity
and sensor response is obtained for a ﬁlm of which the
thickness is in the range of the respective Debye length, with a
continuous and conformal coating. A synthetic approach able to
precisely coat or decorate the carbon support is required.
Atomic layer deposition and a microwave-assisted nonaqueous
sol−gel approach have proven to be suitable techniques for the
elaboration of such carbon-based heterostructures.
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